Abstract. An efficient system for the import of newly synthesized proteins into highly purified rat liver peroxisomes was reconstituted in vitro. 35S-Labeled acyl-CoA oxidase (AOx) was incorporated into peroxisomes in a proteinase K-resistant fashion. This import was specific (did not occur with mitochondria) and was dependent on temperature, time, and peroxisome concentration. Under optimal conditions •30% of T hE biogenesis ofperoxisomes has unique features that distinguish it from the assembly of other organelles (21). In rat liver, for example, the peroxisomal matrix proteins, the core protein urate oxidase, and a major 22-kD integral membrane protein are all synthesized on free polyribosomes. Newly synthesized polypeptides are initially located in the cell cytosol and subsequently appear in peroxisomes, as shown by in vivo pulse-chase experiments. These findings imply the posttranslational import of newly synthesized polypeptides by preexisting peroxisomes. In this respect, peroxisome assembly resembles that of mitochondria and chloroplasts, although peroxisomes have only one membrane. In contrast to most other organelle proteins, peroxisomal proteins are generally synthesized at their final sizes and are not processed proteolytically upon import. Moreover, topogenic information is present in the carboxy-terminal region of the one peroxisomal protein so far studied (38).
T hE biogenesis ofperoxisomes has unique features that distinguish it from the assembly of other organelles (21) . In rat liver, for example, the peroxisomal matrix proteins, the core protein urate oxidase, and a major 22-kD integral membrane protein are all synthesized on free polyribosomes. Newly synthesized polypeptides are initially located in the cell cytosol and subsequently appear in peroxisomes, as shown by in vivo pulse-chase experiments. These findings imply the posttranslational import of newly synthesized polypeptides by preexisting peroxisomes. In this respect, peroxisome assembly resembles that of mitochondria and chloroplasts, although peroxisomes have only one membrane. In contrast to most other organelle proteins, peroxisomal proteins are generally synthesized at their final sizes and are not processed proteolytically upon import. Moreover, topogenic information is present in the carboxy-terminal region of the one peroxisomal protein so far studied (38) .
Practically no information is yet available on the details of the import mechanism, including the energy requirements (21) . Bellion and Goodman have recently reported (2) that carbonylcyanide-m-chlorophenylhydrazone (CCCP) ~ prevents the import of alcohol oxidase into Candida boidinii peroxisomes. This effect is puzzling in view of the fact that peroxisomal membranes contain pores that allow the passage of molecules as large as 800 D (40) . A requirement for ATP has emerged recently as a common factor in posttranslational The arrows indicate the medians of the distributions.
al. (23) except that (a) the rats were not pretreated with Triton WR-1339; (b) the homogenization medium was 0.25 M sucrose, 1 mM EDTA, 0.1% (vol/vol) ethanol, pH Z4 (SVE); (c) the density gradient (1.15-1.25 g/ml) was formed with Nycodertz (Nyegaard Co., Oslo, Norway); and (d) the gradient rested on a 6 ml cushion of Nycodenz 0-3 g/ml). All Nycodenz solutions contained SVE and 5 mM Hepes/KOH, pH 7.4 (SVEH). As shown in Fig. 1 , the peroxisomes (marker enzyme, eatalase) were well separated from mitochondria, microsomes, and lysosomes. As viewed by electron microscopy, they were nearly homogeneous (Fig. 2 a) . The purity of the peroxisome fraction was calculated from the relative specific activities of the marker enzymes to be ~95% (Table I) .
To remove Nycodenz and concentrate the peroxisomes, gradient fractions were pooled, slowly diluted by the dropwise addition of 5 vol of ice-cold SVEH, and centrifuged for 20 min at 12,000 rpm (17,000 g; SS-34 rotor; Sorvall Instruments Div., Du Pont de Nemours & Co., Inc., Newtown, CT). The pellet was resnspended in 0.25 M sucrose, 0.1% (vol/vol) ethanol, 5 mM Hepes/KOH, pH 7.4 (SEH) to a final protein concentration of ~10 mg/ml using a Dounce homogenizer (Kontes Glass Co., Vineland, N J) with a type B (tight) pestle. Approximately 70% of catalase and protein were recovered in the concentrated organdies (Table II) . Morphologically (Fig. 2  b) , the peroxisomes appear to contain less matrix material than when first isolated, but their membranes are apparently intact. The peroxisomes could be rediluted and reconcentrated without appreciable further loss of catalase (not shown).
Mitochondria from the Nycodenz gradient (80-85 % pure) were similarly diluted and concentrated except that centrifugation was at 6,300 rpm (4,500 g) for 12 min. The mitochondria contained 2% peroxisomal contamination. A cytosol fraction was prepared by centrifugation of a rat liver postnuclear supernatant at 40,000 rpm for 1 h in a 50Ti rotor (150000 g; Beckman Instruments, Inc., Palo Alto, CA).
Isolation and Translation of RNA
Total RNA was isolated by guanidinium thiocyanate/guanidinium chloride extraction (6) from the livers of rats that were given clofibrate (5 g/kg chow) for 2 wk. Total RNA extracted with phenol/chloroform (36) from a postmitochondrial fraction of liver from a clofibrate4reated rat was used in some experiments. RNA (final concentration 200-600/ag/ml) was translated with |35S]methionine (1,000 Ci/mmol) at 29~ for 90 rain in a nuclease-treated reticulocyte lysate protein-synthesizing system (27) .
Posttranslational Import Assay
After in vitro translation, the translation mixture was centrifuged in a 50Ti rotor (Beckman Instruments, Inc.) at 40,000 rpm (150,000 g) for 1 h to remove polyribosomes. 2 M sucrose was added to the supernatant to a final concentration of 0.25 M. In a typical import experiment 25 I~1 of the adjusted translation mixture was mixed with 25 gt of purified, concentrated peroxisomes (200-240 gg protein, except as noted) and 50 gl of SEH. In later experiments (Figs. 7-10) 3 mM MgCI2 and 50 mM KCI (final concentrations) were also added. After incubation at 26~ for 30 min, the import mixture was diluted 10-fold with ice-cold SVEH containing 1 mM methionine. Nonimported translation products were digested with 4 gg of proteinase K at 0~ for 15 min; the reaction was terminated with 10 l.tl of protease inhibitor mixture (10 mM phenylmethylsulfonyl fluoride, 12.5 mM N-tosyl-L-lysyl-chloromethylketone, 7 mU/ml of aprotinin [trypsin inhibitor units], 4 mM leupeptin, 4 mM chymostatin, 4 mM antipain, and 4 mM pepstatin). A duplicate import assay received protease inhibitors only. The samples were then centrifuged for 10 min in a microcentrifuge (16,000 g; No. 5414; Eppendorf) to reisolate the peroxisomes, which were solubilized with SVE containing 1% (wt/vol) sodium deoxycholate, 1% (wt/vol) Triton X-100, and 0.1 mM phenylmethylsulfonyl fluoride. 25% of the pellets and 2.5 % of some supernatants were subjected to SDS-PAGE (12) and fluorography on preflashed film (19) ; the exposure time of the supernatants was 10 The peroxisome fractions from the Nycodenz gradient were pooled and diluted fivefold with SVEH. The peroxisomes were pelleted by centrifugation and resuspended in SEH at ,,o10 mg/ml.
times longer than that of the pellets. To quantitate import, 10-50% of the adjusted translation products were mixed with peroxisomes (200-240/.tg as above) and 25 % of the mixture was analyzed by SDS-PAGE and fluorography, as for the peroxisome pellets. Radioactivity was quantitated by scanning densitometry with a densitometer (model 1650; Bio-Rad Laboratories, Richmond, CA); generally more than one exposure of each fluorogram was scanned and it was verified that the exposures used were in the range that gave a linear response.
Other Methods
Protein was determined with the protein assay kit (Bio-Rad Laboratories) with bovine-),-globulin as standard (3) . N-acetyl-13-D-glucosaminidase was assayed according to Findlay et al. (9) . Other marker enzymes and refractive indices were measured as before (1) . ATP was assayed with a bioluminescence CLS kit (Boehringer Mannheim Diagnostics, Inc., Houston, TX) after deproteinization with trichloroacetic acid. Samples for electron microscopy were fixed with 2% glutaraldehyde (final concentration) in 0.1 M cacodytate buffer (pH 7.4) overnight and pelleted by centrifugation at 45,000 rpm for 30 rain in a 5015 rotor (Beckman Instruments, Inc.). The pellets were postfixed with 1% OsO4 and processed for electron microscopy as described previously (1).
Results

Peroxisome Stability
Peroxisome stability is critically important to an assay of posttranslational protein import. Stability was measured as the latency of catalase (the percentage of the total catalase activity that is not assayable when the peroxisomal membrane is intact, and which appears when the membrane is disrupted by detergents). In the concentrated, purified peroxisomes, the latency of catalase was ,'-,90% and it did not decrease during incubation at 26~ for 90 min or at 0~ for 3 h (Table III) .
The peroxisomes could be incubated with as much as 1/4 their weight of proteinase K for 20 min at 0~ without loss of latency (Table IV) . Routinely, peroxisomes were treated at 0~ with 5 % of their weight of proteinase K after the import incubation, This sufficed to digest most nonimported [3sS]tmnslation products (Fig. 3, lane 3) without affecting the SDS-PAGE pattern of peroxisome content proteins. Concentrated peroxisomes (160 gg) in 40 t~1 of SEll were incubated with proteinase K at 0*C for 20 rain. After incubation, the peroxisomes were diluted 100-fold with SEH containing 0.2 mM phenylmethylsulfonyl fluoride and catalase activity was measured (at 0*C for 5 rain). 4 gg of proteinase K (in a total volume of 1 ml) was used in subsequent routine experiments. Figure 4 . Irnmunoprecipitation of acyl-CoA oxidase; organelle specificity. The import assay was carried out with equal amounts of peroxisomal or mitochondrial protein, AOx was irnmunoprecipitated from one-fourth of each organelle pellet with a polyspecific goat antiserum (lanes 3, 5, 7, and 9) or preimmune serum (lanes 2, 4, 6, and 8). Lane 1, immunoprecipitation of total translation products (2 ~tl). This polyspecific antiserum recognizes HD as well as AOx, and to a lesser extent, other peroxisomal proteins (30) . The lack of digestion of HD by proteinase K in lanes 5 and 9 does not imply import because HD is intrinsically resistant to proteinase K (see text). Because these immunoprecipitations used a goat serum, we omitted protein A (11) and included 50 ~tg of peroxisomal protein as carrier with the mitochondria and total translocation products. In lanes 6 and 7, rat liver cytosol (high speed supernatant, 970 ~tg of protein) was added to the import assay.
Posttranslational Import of Proteins into Peroxisomes
Many 35S-labeled polypeptides sedimented with peroxisomes after a cell-free translation mixture was incubated with the peroxisomes at 26~ for 30 min (Fig, 3, lane 4) . A portion of these are resistant to proteinase K (Fig. 3 , lane 5), indicating that they have been imported into the peroxisomes. In the nonincubated control binding to the peroxisomes was much less, and protease resistance was almost nil (Fig. 3, lanes 2 and 3) . The addition of a rat liver high speed supernatant (cytosolic) fraction to the import assay mixture had little effect on import (Fig. 3, lane 7) , but did reduce binding of some nonimported proteins (lane 6). Among the proteinase K-resistant translation products, the prominent doublet of 72 and 78 kD corresponds (30) to two peroxisomal proteins involved in fatty acid oxidation: AOx and the bifunctional hydratase-dehydrogenase (HD), respectively. The identification was confirmed by immunoprecipitation (Fig. 4, lane I) . These proteins are prominent among the total translation products due to the fact that the rats had been treated with the peroxisome-proliferating agent, clofibrate (30) .
The protease resistance of most of the translation products in Fig. 3 , lane 5 was abolished by detergents (not shown here, see below, Figs. 7 and 9). HD was an exception in that proteolysis of detergent-solubilized HD and of nonimported HD (see below, Fig. 6 , Supernatant) was variable and often incomplete, consistent with previous results (11) . Therefore the present experiments do not distinguish between binding and import of HD.
We focused our subsequent experiments on AOx because: (a) it is a major translation product; (b) it is easily digested by proteinase K; (c) it is readily distinguished in the SDS gel; and (d) it may be quantitated by densitometric scanning of autoradiograms without immunoprecipitation in routine experiments.
Characterization of AOx Import
To determine the organeUe specificity of AOx import, con- trol experiments were carried out with mitochondria. Very little of the [35S]AOx translation product appeared in the organelle pellet, and none was protease resistant (Fig. 4) . Likewise, mitochondria do not appreciably bind HD (Fig. 4 , lane 7 vs. lane 3). In a mock import experiment without organelles, no AOx appeared in the pellet (not shown).
The import of [ssS]AOx into peroxisomes increased linearly with time up to 30 min (Fig. 5 A) and was maximal with 200 gg of peroxisomal protein (Fig. 5 B) .
MgCI2 (3 mM) and KCI (50 mM) markedly stimulated the import of the AOx translation product into peroxisomes (Fig. 6 A) . Protease-resistant [35S]AOx increased from ,,06% in the control (Fig. 6 A, lane 5) to 30% of the added of the added protein (Fig. 6 A, lanes 4, 6, 8, and 10) . The ions did not affect the digestibility of AOx by proteinase K, as seen in the supernatants (Fig. 6 B) and in the nonincubated peroxisome pellet (Fig. 6 A, lane 3) . The effects of KCI and MgC12 were not additive. NaC1 was almost as effective as Figure 6 . Effect of MgC12 and/or KCI on the import of AOx.
MgC12 (3 mM) and/or 50 mM KCI were added to the import assay where indicated (lanes 4-11) . In lanes 2 and 3, the import mixtures were analyzed immediately after mixing translation products and peroxisomes. T, 25 % of the translation mixture used in the import assay, subjected to coelectrophoresis with peroxisomal protein.
Binding (even lanes) was quantitated on a shorter fluorographic exposure than shown here. In lanes 6and 9, the import mixture was treated with 1% sodium deoxycholate and 1% Triton X-100 prior to proteinase K digestion. T, total translation products corresponding to 10, 25, and 50% of the input radioactivity, subjected to coelectrophoresis with peroxisomal proteins.
KC1 (not shown). In subsequent import experiments, 3 mM
MgCI2 and 50 mM KC1 were added routinely.
When the import incubation was carried out at 0~ binding of [a5S]AOx to peroxisomes was similar to that at 26~ but proteinase K-resistant [ssS]AOx was negligible (Fig. 7) . This demonstrates that binding of AOx to peroxisomes may be dissociated from translocation of AOx into the organdie; only the latter step is temperature dependent. The experiment also verifies that AOx bound to the outside of peroxisomes is digested by proteinase K.
AOx Import Requires ATP Hydrolysis but Not a Membrane Potential
ATP derived from the mRNA translation mixture is present in the routine import assay. The ATP-regenerating system added to the reticulocyte lysate maintains the ATP concentration during translation: we measured 1.1-1.2 mM ATP (n = 7) at the end of 90 min of translation. Diluted four times in the peroxisome import assay, this gave a concentration of '~0.3 mM ATP during import. The addition of a further 1 mM ATP did not improve the efficiency of import of AOx (not shown). Depletion of ATP with apyrase or hexokinase plus glucose (Fig. 8 A) markedly reduced the import of AOx (Fig. 8 B) . Treatment of the translation mixture with heatinactivated enzymes had no effect.
The protonophores, CCCP and 3,5-di-tert-butyl-4-hy-
droxybenzylidenemalononitrile (SF6847), had no effect on the import of AOx into peroxisomes (Fig. 9) . Likewise, the ionophores nigericin, valinomycin, and monensin had no effect. Protease-protected [35S]AOx in the presence of the ionophores varied between 19 to 27% of added [ssS]AOx in comparison with 18 and 22 % protection in two controls.
The translation mixture was also depleted of ATP by centrifugation through Sephadex G-25 (Table V) . Import of [35S]AOx into peroxisomes was thereby reduced from 30 to 3.5% (Fig. 10 ). The addition of 1.0-1.3 mM ATP restored AOx import to 12-16 % (Table V) . GTP 0 mM) or 1 mM of the nonhydrolyzable analogue of ATP (adenosine-5'-[13,yimido]triphosphate, [AMP-PNP]) were not able to restore import (Fig. 10) . Moreover, in a similar experiment, in which 0.3 mM ATP was added after Sephadex G-25 chromatography, the import was inhibited by the concomitant addition of 1 or 3 mM AMP-PNP (data not shown). This 5-8, 11, and 12) . As controls, peroxisomes were similarly added to import mixtures preincubated without ATP-depleting enzymes (lanes 3 and 4) or to mixtures preincubated with heat-inactivated enzymes (100~ 5 min) (asterisks, lanes 9, 10, 13, and 14) . T, total translation products as in Fig. 7 .
competition of the nonhydrolyzable analogue with ATP demonstrates that AMP-PNP binds to the ATP-utilizing enzyme. It thus serves as a positive control for the inability of AMP-PNP to support import.
The total amount of [35S]AOx associated with peroxisomes in the experiment of Fig. 10 was 20-28% of that added, regardless of the presence or absence of ATP (Table  V) . Therefore the precise location of some 9-13 % of the added [35S]AOx (Table V , difference between 3-3.5 and 12-16 %) depends on the ATP concentration: in the absence of ATP it is bound to the surface of the peroxisome and is digestible by proteinase K; in the presence of ATP it is inside the organelle and protected from proteinase K.
Discussion
We have markedly improved the conditions for measuring the in vitro import of peroxisomal proteins into rat liver peroxisomes. This has permitted us to investigate two steps in the process (binding and translocation) and to determine the energy requirements. Chief among the improvements were (a) the use of Nycodenz as the density gradient material for peroxisome isolation. Nycodenz has 20% of the osmolality that sucrose has for the same density, lessening the likelihood of rupturing the peroxisomes when they are diluted and concentrated. Fut'thermore, lysosomes (a major contaminant of peroxisomes in sucrose gradients unless rats are pretreated with Triton WR-1339) (23) are well separated from peroxisomes in Nycodenz gradients (see Materials and Methods). (b) Rats used for isolation of liver mRNA were pretreated with clofibrate, thus inducing mRNAs encoding peroxisomal enzymes (13, 24, 31) . This permits the cell-free translation product corresponding to the peroxisomal 13-oxidation enzyme AOx to be easily recognized and quantitated without the need for routine immunoprecipitation (30) . (c) 50 mM KC1 and 3 mM MgCI2 were included in the import buffer.
Two experimental approaches allowed us to distinguish binding from translocation. When the import assay was carried out at 0 ~ instead of 26~ just as much [3sS]AOx became associated with the peroxisomes, but it all remained on the surface, accessible to digestion by proteinase K. This binding to the peroxisomal membrane was specific in that [35S]AOx did not appreciably bind to mitochondria, even at 26~ (the limited amount of [35S]AOx seen in the pellet in Fig. 4 , lane 7 may even reflect the measured 2 % contamination of the mitochondrial fraction by peroxisomes). The fact that one-third to one-half of the [3sS]AOx present on the peroxisome membrane at 0*C would have been internalized Figure 9 . Addition of ionophores to the import assay. Import was carried out in the presence of the following ionopnores (10 ItM each): none (lanes 4, 5, and 16-18) , nigericin (lanes 6 and 7), SF6847 (lanes 8 and 9), monensin (lanes 10 and//), CCCP (lanes 12 and 13), and valinomycin (lanes 14 and 15) . The ionophores were added to each 100 Itl import assay in 1 pl of ethanol. As a control, the assay was carried out with 1 gl of ethanol (lanes 4 and 5) and without ethanol (lanes 16-18) . 1% deoxycholate and 1% Triton X-100 were added to the experiment of lane 18 just before proteinase K digestion (*). Each peroxisomal pellet (lanes 4-18) and the supernatants from one control (lanes [19] [20] [21] were analyzed by SDS-PAGE and fluorography. Figure 10 . Addition of triphosphates to an import assay depleted of ATP by gel filtration. Translation products (350 ~tl) were centrifuged (1,600 g, 4 rain, 4~ through a 3.5-ml column of Sephadex G-25 (fine) equilibrated with 25 mM Hepes/KOH (pH 7.4), 1.5 mM Mg(Ac)2, 65 mM KC1, and 2 mM dithiothreitol. (Just before use, the column was washed twice with 1.5 ml of 0.5% BSA in the above buffer.) Import was then carried out as usual. Additions were: none (lanes 5 and 6), 1 mM ATP (lanes 7 and 8), 1 mM ATE 6 mM creatine phosphate, 5 I~g ofcreatine phosphokinase (lanes 9 and 10), 1 mM adenosine-5'-[13,'?-imido]triphosphate (AMP-PNP) (lanes //and 12), or 1 mM GTP (lanes 13 and 14) . Nongel-filtered translation products were used for the import assay of lanes 3 and 4 without further addition of triphosphates. /7, nongel-filtered translation products; 72, gel filtered translation products; in both cases 10 and 30% of the input radioactivity was subjected to coelectrophoresis with peroxisomal proteins.
at 26~ strongly suggests that this is a functional intermediate in the import process. This interpretation is supported by the fact that ATP depletion produced exactly the same result. As shown by the quantitation in Table V We do not know to what structure(s) on the peroxisomal membrane the [35S]AOx bound, nor do we know that all of the binding is functional (will lead to import). In the case of mitochondrial protein import, functional specific binding to a receptor and unspecific binding to the membrane have been suggested (29) as has binding to the lipid bilayer followed by migration to a receptor (5, 41) . Recent experiments indicate that mild proteolytic pretreatment of the peroxisomes reduces both binding and translocation (Imanaka, T., C. S. Redwood, H. Shio, G. M. Small, and P. B. Lazarow, manuscript in preparation), suggesting that at least some of the [35S]AOx may be bound to a receptor. Future experiments will address in detail the nature and site of this binding.
The peroxisomal membrane is known to be very permeable, rather like the mitochondrial outer membrane, at least in rat liver (7) . Sucrose and substrates such as glycolate, urate, and amino acids (7), as well as NAD § ATE and coenzyme A permeate the membrane through a proteinaceous pore (18, 39, 40) . These facts make it unlikely that this membrane could support a membrane potential or ion gradient. Therefore, the energy to drive the import process would be expected to come from another source. Indeed, we found that a variety of ionophores were without effect on import. ATP hydrolysis, on the other hand, was essential, and a concentration of 300 ~tM ATP gave maximal import.
These results differ from those of Bellion and Goodman (2), who reported that CCCP prevented the import of alcohol oxidase into peroxisomes of Candida boidinii. Although a species difference can not be excluded, this conflict is likely to reflect the difference in methods used. In the work of Bellion and Goodman, import was investigated in spheroplasts, and the CCCP was applied to the living cells. As noted by those authors, CCCP apparently caused a drastic drop in the intracellular ATP concentration. We suggest that it was this drop in ATP that prevented the import of alcohol oxidase rather than a direct effect of the CCCP on the peroxisomal membrane.
These results demonstrate that protein translocation into peroxisomes resembles, in one key respect (the ATP requirement), the posttranslational import of proteins into other organelles. In that ATP is needed but a membrane potential is not, peroxisomal import most closely resembles the import of proteins into chloroplasts (10, 15, 26, 35) and yeast microsomes (16, 33, 42) , or the insertion into dog pancreas microsomes (25) . It differs from translocation into mitochondria * No proteinase K, Fig. I0 , odd lanes 3-13. After proteinase K, Fig. 10 , even lanes 4-14. w Difference of preceding two columns. I[ At the end of the import assay. I The concentration of [~SS]AOx was 86% of that before Sephadex; ATP was undetectable (<<l ttM). ** l mM ATP, 6 mM creatine phosphate, 5 Izg/100 ~l creatine phosphokinase. (5, 8, 28) or out of bacteria (14, 43) where both ATP and a membrane potential are necessary (but see reference 4). Since GTP will not substitute for ATE peroxisomal import again resembles chloroplast and yeast microsomal posttranslational import but differs from mitochondrial translocation.
The exact role of ATP in AOx import into peroxisomes is not yet known, but it is clear from our results that it functions in translocation, not in binding to the organelle. ATP could be involved in protein unfolding (34) and/or it could serve the membrane's putative translocation machinery. Skorin et al. have recently found (37) a 63-kD phosphoprotein and perhaps other phosphoproteins in the membrane of rat liver peroxisomes, which have unknown functions. One possibility, open to further study, is that ATP might drive import by a cycle of dephosphorylation and rephosphorylation of one of these membrane proteins.
